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Abstract
Recently a wealth of interesting work appeared, stimulated by the proposals 
by Marletto and Vedral and by Bose et al., towards attempting to reveal the 
possible non-classicity of the gravitational field by detecting gravity 
mediated entanglement between mesoscopic masses, as they interact 
gravitationally while separately transit through interferometers. We 
present and analyze in detail the feasibilty of versions of such experiments, 
which rather use macroscopic masses of superfluid He4, taking advantage of 
the macroscopic quantum effects shown by that system, with a crucial role 
played by Josephson effects to measure phase shifts.   
1.Introduction
Recently a concept has been proposed and discussed, concerning its 
experimental feasibility, for testing if on most general  grounds we have 
basically to deal with Quantum Gravity, QG, or, in contrast, with Classical 
Gravity, CG [1,2a,2b]. The proposal of ref [1] makes use of two Mach-Zender 
interferometers, arranged side by side, with a pair of arms parallel at a 
distance d, while the other pair, still parallel, is at a distance d' >> d . That 
of refs [2a] uses Stern-Gerlach interferometry, but the geometry is similar. 
Two equal masses m enter each separately the corresponding 
interferometer and the output interference effects are observed and 
compared. The mass fields interact only through their gravitational mass. 
Should gravity, at Newtonian level, have an underlying quantum nature - QG -
the close by beams would get "gravitationally" entangled, still without being 
in contact. As a result a phase difference would show up between the 
respective outputs  of the interferometers. Such a  should depend on the 
geometry of the set up and on the fundamental constants G, the constant of 
gravitation, and h-bar, the Planck constant. By contrast should Nature offer 
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at fundamental level a CG,  would be identically zero
The scheme of ref [2a] has been further symplified in ref [2b], to be 
used for other purposes, giving the same outcome in regard to the 
entanglement experiment of [2a]. In this case one of the interacting masses 
is in free fall within an interferometer, while the other falls simultaeously, 
parallel to the closest arm, at a distance d, while the other arm of the 
interferometer is at a distance d'.    
So the basic relation for the phase shift , expected if QG would be 
in place, is the same  and is given, for d << d', by
(1)       = m2 (G/h) (t/d)
where t is the time spent by the interacting masses in their respective side 
by side paths.
Here we propose versions of the above where the mesoscopic masses   
m are substituted by macroscopic masses of superfluid He4 at less than mK 
below the  point,the transition temperature to superfluidityT=2.17 K, 
where "ideal" Josephson effects in superfluid He4 occur. The basics are 
robust, because such "macroscopic quantum effects" have been extensively 
observed and found in complete agreement with  fundamental theories of 
macroscopic quantum phenomena in superfluids; see for recent reviews of 
decades of esperimental and theoretical work  refs [3,4] and refs therein. 
2.The superfluid He4 version.
We consider the superfluid He4 analog of the superconductind dc-SQUID 
[5], a well studied case, see reviews [3,4] . Two "junctions", showing 
Josephson effects, are inserted in tubes making a closed loop, where the 
superfluid flows. The system behaves as a matter interferometer.  In the 
superconducting SQUID the sensing loop is sensitive to the flux of the 
magnetic field threading it. In the superfluid He4 case, the role of the 
magnetic field is taken by the vector of rotation in respect to the local 
inertial frame [6]. Other implementations of such a He4SQUID allow 
measurements of phase gradients created within the system, for instance by 
stimulating counterflows of the normal and superfluid components [7a,b]. As 
the basic scheme of [5] allows measurements over time scales of a few 
seconds, amply enough for the proposed experiment (see below), we take it 
as the simplest to present and discuss our proposal and then, in case for a 
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first try of the experiment. 
We propose to position  side by side two identical such He4SQUIDs. 
The sensing loop has the geometry of a square of side length L and the 
channels have cross section . The channels are traversed by the superfluid 
component of density s at  temperatures less than a mK below TThe two 
apparatuses have the planes of their loops residing in a vertical plane on 
Earth. Their channels of length L, lying respectively side by side, are parallel 
and horizontal at a distance d << L. 
The superfluid in the two apparatuses comes from well separated He4
baths, so  to have the gravitationally interacting masses of superfluid 
completely disconnected. Otherwise they would be totally connected in 
phase by the infinite range of superfluid order ODRLO [8a].  In the analogy 
with Mach-Zender interferometers, the channels L in which the superfluid 
flows constitute the arms and the Josephson junctions constistute the beam 
splitters [8b].  The mass m in (1) is given by m2 = (L s)2. As for the time t 
there are two characteristic time scales. One  is the Josephson frequency 
fJ used in ref [5,7] to probe the phase, so that t =1/fJ. The other is the 
time it takes to the fluid to traverse the channel of length L at the 
maximum allowed velocity, which is the crtical velocity vc at the working 
temperature T, so that t = L/vc. We take this last one for the interaction 
time between the masses flowing in the respective channels, as, in the 
immediate vicinities of T, vc is of such an order to give a t = L/vc of more 
than 1s, a typical measuring time in an actual experiment . However it should 
be kept in mind, to explore optimization of the experimental parameters, 
that there is a difference here with the proposal, [1,2a,2b]. While wherein 
the masses, after interacting for t, leave the interferometers, in our 
version the superfluid masses continue to flow in the He4SQUID and thus 
may reiterate the interaction. 
The other version we propose parallels the scheme of Fig. 1 of ref 
[2b]. Now one superfluid He4SQUID is positioned verticallly. A channel is 
positioned parallel at distance d to one of the channels of the He4SQUID of 
lenght L and of the same cross section. Again the superfluid He4 in the two 
systems comes from separete baths. The distance d is small in respect to 
that d' of the other parallel channel of the He4SQUID. In the experiment, 
raising both containers sinchronously, the superfluid flows down, and again 
the masses flowing in the side by side channels may interact for 
entanglement for a time t = L/vc.
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The relation to calculate the effects of QG in both our versions is the 
same, and, as it comes from eq (1), is
(2)    = (L s)2 (G/h) (L/vc) (1/d) 
The superfluid  density s has a definite temperture dependence   s (T) = 
2.4  (1 - T/T2/3with  = 1.5 102 Kg/m3 [3,4] . The critical velocity in the 
immediate vicinities of Thas been found to depend on T as vc(T) = v0 (1 -
T/T2/3 with v0 = 3.8 m/s [9]. As for the dimensions of the superfluid 
interferometer and for the realization of the Josephson junctions, the 
literature is abundant of elegant experiments - see reviews [3,4] and refs 
therein and in particular [5,7a,7b,10].  So we  suggest, for a practical 
realization of our proposal,  the typical realization one can find therein: i) 
for the junctions use arrays of hundreds of submicron channels in parallel in 
a few microns square lattice on a plate of submicron thickness and ii)  for 
the channel cross section  and length L respectively   = 4 10-6 m2 and  L = 3 
10-2 m. For d, we take d = 10-2 m. We fix for convenience the working 
temperature at about 20 K below the  point, where the Josephson 
junctions are well into the "ideal" Josephson regime in contrast to the 
"phase slip" regime farther from the  point [11]. The temperature in these 
experiments is regulated with a stability of about 50 nK [10], further 
pushed to 20nK [7b].
The experiment consists in modulating the distance d between the 
side by side channels, similarly in both schemes, say by microns, using a 
piezolectric actuator and  taking advantage of the elasticity of the 
apparatuses. With the above parameters, for a d of .1 m, we get a large 
value for , order of 103 rad.  
Other possible experiments would be based in altering the velocity of 
the superfluid, by activating the heater in the channel, when one uses the 
He4SQUID version of ref [7]. In this way one would alter the interaction 
time between the masses in the channels and get a different source of 
signal, according to eqs (1,2). However it must be noted that in this case the 
He4SQUID would work in the dissipative  "phase slippage" regime, rather 
than in the non-dissipative "ideal" Josephson regime as in this proposal. The 
impact of this condition may need considerations beyond the scope of this 
report, and thus we leave a detailed study of the feasibilty of alternative 
detection schemes to further studies.
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3.Discussion
One may wonder why the expected signal is so large,   of order 103 rad.  
Actually it may get even larger moving the working temperature somewhat 
farther, but still within about 1 mK of the  point. In this respect it should 
be appreciated how in our versions the gravitationally interacting masses 
involved are many orders larger than in the scheme of ref [1,2a,2b], 10-8 kg 
vs 10-12 - 10-14 kg respectively. In a sense, should the QG prediction be the 
correct one, it would be no problem, because in the He4SQUID of ref [5] 
the output has period , and a signal of many rad would appear anyway 
limited. Also, in case, one may consider the variants of refs [10,7b], which 
allow to measure absolute phase shifts, even with hundreds of  dynamic 
range, in contrast to the differential ones of [5].
In fact the point is that CG would predict strictly = 0, so any  
non-zero would be a strong indications for QG. Of course one has to make 
sure that no extraneous interaction would connect the masses. Let us 
examine a few which may obviously occur. 
After usual shielding procedures with Faraday cages and mu-metal, em 
interferences should convincingly be excluded. Still one may be concerned 
with Casimir interactions. But He4 has a very low dielectric constant, on one 
side, and, on the other side, the distance d of a cm should be plenty to avoid 
the Casimir effects discussed in [12]. 
As for the phases  in the two He4SQUIDs, it will be there an initial 
unknown bias b in each, with no apriori relation between each other. The 
matter deserves a short discussion. 
A fundamental unaivoidable contribution, a  priori unpredictable and 
different in both, comes from the initial value taken by the phase in the bulk 
superfluid when liquid He4 crosses the  point and superfluidity establishes. 
As amply discussed in [8a] no absolute phase can be established, but only 
relative differences, when communicating, say, by Josephson effects. 
Quoting from [8a] " ...mantaining a superfluid standard across the various 
standard laboratories of the planet would require connecting them with a 
continous superfluid duct." As in our case the two He4SQUIDs must not 
communicate,the relative initial phase cannot be known.
The other source of uncontrolled initial phase is more mundane: it 
comes from  the possible presence of quantized vortexes, which may be 
created in turbulent episodes during cooling through the phase transition. 
5
Both such phase biases are not under control. The latter phase bias is 
the only one that may change in time, since the other is intrinsecally 
immutable. Vortexes may be created at the superfluid transition and then 
move and/or be metastable, giving occasional and abrupt overall phase 
changes in the system. Fortunately this source is found to be stable for 
hours, see in particular Fig. 3 in [10], which shows long term drifts below 2 
10-3 rad over 6 hours. Measurements of phase shifts at level of 3 10-2 rad on 
1 Hz band were obtained in [5]. Even lower drift rates are quoted in [7b].
Another source of external disturbances in this type of experiments 
has been analyzed in [13] and concerns acceleration noise affecting the 
masses of the proposals [1,2a,2b]. In our version of that proposals, this 
would not apply of course, but it would intervene another disturbance, now 
connected with uncontrolled rotational movements of the platform on which 
the whole experimental set up resides. The He4 SQUID used here is 
sensitive to picking up the component the rotation of Earth over its 
sensitive area, and in fact in ref [7]  the instrument is biased to maximize 
such a pick up, in order to maximize its response. As discussed in [5,10], 
concerning the interest of He4 SQUIDs as gyrometers, this disturbance 
could have been greatly mitigated already at that time, see ref [16] in [10]. 
Since then there has been  continuing progress in demostrating rotationally 
ultra quiet platforms, motivated by  geophysical research [14] and towards 
laboratory tests of the Lense-Thirring effect [15]. It should be feasible to 
go well beyond the requirements for the  experiments proposed here. 
4.Conclusions
Our detailed analysis indicates that it is feasible, using well demonstrated 
methods and technologies, to set up a variety of experiments towards a yes 
or no answer to the question if the gravitational field is non classical, QG vs 
CG. The proposed methods are based on looking for gravity mediated 
entanglement between masses of superfluid He4, which are in the condition 
to show macroscopic quantum effects.  
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